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Abstract

The formation of functional synapses on artificial sub-
strates is a very important step in the development of
engineered in vitro neural networks. Spherical supported
bilayer lipid membranes (SS-BLMs) are used here as
a novel substrate to demonstrate presynaptic vesicle
accumulation at an in vitro synaptic junction. Confocal
fluorescence microscopy, cryo-transmission electron mi-
croscopy (cryo-TEM), and fluorescence recovery after
photobleaching (FRAP) experiments have been used to
characterize the SS-BLMs. Conventional immunocyto-
chemistry combined with confocal fluorescence micro-
scopy was used to observe the formation of presynaptic
vesicles at the neuron-SS-BLM contacts. These results
indicate that lipid phases may play a role in the observed
phenomenon, in addition to the chemical and electrostatic
interactions between the neurons and SS-BLMs. The
biocompatibility of lipid bilayers along with their mem-
brane tunability makes the suggested approach a useful
“toolkit” for many neuroengineering applications includ-
ing artificial synapse formation and synaptogenesis in vivo.
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T
he complexity of the central nervous system
(CNS) makes it difficult to repair damaged
neuronal pathways using conventional tissue

engineeringapproaches (1).This challengehas stimulated
a number of new approaches (2). Critical components of
any succcessful engineered neural network will include
controlled neurite outgrowth guidance, the development
of interneuronal contacts on specific artificial substrates,
and the formation of functional synapses at the synaptic
junctions. We have recently shown that presynaptic
vesicle assembly at an in vitro synaptic junction does
not require postsynaptic factors (3). Two decades ago
Burry et al. showed that presynaptic-like endings can
form when axons are directed onto polylysine (PL)-
coated latex beads (4). Our interest in forming artificial
synapses in vitro prompted a detailed study of this
configuration and variants thereof. Functional synapses
are indeed formed following adhesion of axon terminals
of hippocampal neurons when they are cocultured with
poly-D-lysine (PDL)-coated latex beads to axonal shafts
(3). This work allows us to explore the range of factors
that are important in synapse formation in vitro.
Synthetic lipid bilayer membranes are interesting candi-
dates in this regard due to their close structural similarity
with pre- and postsynaptic membranes (5).

This paper describes our observation that phospholi-
pids in the form of solid supported bilayer lipid mem-
branes (SS-BLMs) formed on silica beads (6, 7), when
rationally designed, can be used as an artificial substrate
for in vitro synapse formation. This observation not only
is interesting indevelopingpotential substrates for in vitro
synapse formation but also will provide us new insights
into the role that physical and mechanical properties of
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cell membranes may play at synapses. SS-BLMs derived
from synthetic lipid bilayers offer many opportunities to
tailor the physical, chemical, and functional proper-
ties of an ideal artificial substrate (8, 9). When living
cells interact with these SS-BLM-derived substrates,
the induced cell responses will be dictated by the chem-
ical and physical properties of the lipid bilayer mem-
brane used as well as the particular cell type (10).
Although Groves et al. have used SS-BLMs as scaffolds
for incorporating neurologically active neuroligin-1
molecules to target β-neurexin receptors in ligand-
receptor interaction studies (9), in particular for immuno-
synapse formation studies (11), their role in tuning
neuron-scaffold interactions has not yet been reported.

Figure 1a shows a sketch of a typical SS-BLM,
formed on silica beads, used in the experiments illus-
trated in this communication. We have used a pre-
viously established procedure (6) for the preparation
of these SS-BLMs.Figure 1b is a representative confocal
fluorescence image showing an SS-BLM-coated silica

bead (the term SS-BLM/bead is used hereafter, unless
stated otherwise) where the fluorescence is derived
from tetramethyl rhodamine isothiocyanate (TRITC)-
labeled phosphatidylethanolamine incorporated in the
bilayer. Theuniform fluorescence observed indicates the
formation of SS-BLMs on the beads (see also Figure
SI.1, Supporting Information for anadditional confocal
image of a population of SS-BLM/beads). Figure 1d is a
representative cryo-TEM image of a mixed SS-BLM/
bead formed on 500 nm silica beads. A small area is
highlighted in Figure 1f for better visualization, where
the presence of a bilayer is clearly visible. For compar-
ison, an uncoated silica bead is shown in Figure 1c,e
(see Figure SI.2, Supporting Information for a clearer
visualization of the bilayer that spans the entire bead
surface). Fluorescence recovery after photobleaching
(FRAP) (9) imaging was performed to further confirm
the quality of the membranes on SS-BLMs used in this
study (time series included as an AVI file). Thorough
characterization of these SS-BLMs (various bead sizes;
different lipid compositions, etc.) using different micro-
scopy/spectroscopy techniques has already been docu-
mented in our prior publication (6).

The use of these SS-BLM/beads to induce in vitro
synapses upon contact with live axons was evaluated
with a number of different lipid mixtures. In a typical
procedure, SS-BLM/beads, prepared under sterile con-
ditions, were cocultured with hippocampal neurons
(7þ days in vitro (DIV)) for 24 h at 37 �C, 5% CO2.
The cocultured cells were then fixed and fluorescently
stained primarily for synaptophysin (an integral syn-
aptic vesicle protein) using immunocytochemistry and
observed using confocal fluorescence microscopy. The
overall experimental procedure in the neuron-SS-
BLM/bead coculture is depicted in Scheme 1.

An SS-BLM composed of a binary mixture of a
zwitterionic phospholipid and a cationic lipid (1,2-dio-
leoyl-sn-glycero-3-phosphatidylcholine (DOPC)/1,2-dio-
leoyl-3-trimethylammonium-propane (DOTAP); 75:25,
all lipid ratios are shown in molar ratios unless stated
otherwise) promotes the adhesion of beads to the hippo-
campal neurons (Figure 2b). DOTAP is a cationic lipid
that has been used extensively in DNA transfection
experiments. It is widely believed that the positive charge
on DOTAP plays a major role in establishing electro-
static attraction between biological cells and the trans-
fection formulations before other mechanisms become
operative (12). In a similar manner, a positive charge is
thus required for a strong bead-axon adhesive inter-
action. As seen in Figure 2b, almost all of these cationic
beads become attached to the axons. However, the
formally neutral (zwitterionic) DOPC (100%) SS-
BLM/beads (Figure 2a) are almost completely removed
by washing steps indicating that the adhesion established
between the neutral SS-BLM/beads and the neurons is

Figure 1. Preparation and characterization of SS-BLM/beads
composed of DOPC/DOTAP/DPPE (25:25:50) in the bilayer.
(a) Sketch (not to scale) depicting a cross-sectional view of the
suggested molecular orientation of SS-BLMs on silica beads.
(b) Confocal cross-sectional image of a 5 μm SS-BLM/bead (see also
figure SI.1, Supporting Information). The fluorescence is derived from
0.1 mol % N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt
(TRITC-DHPE) used in the bilayer (scale bar is 2 μm). Cryo-TEM
images of free-standing, vitrified samples of 500 nm (c) uncoated and
(d) SS-BLM-coated silica beads (scale bars are 100 nm). Images e and f
show close-up views of the selected areas (white squares) in images c
and d, respectively (see also Figure SI.2, Supporting Information).
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weak or negligible (10b). In both cases, however, no signifi-
cant neurite responses are observed (Figures 2d,f). As
described later, only when adhesion occurs do other
functionalities associated with the lipid bilayer induce
any neural responses with an axonal membrane.

Polylysine adsorbed onto latex beads also exerts pre-
synaptic vesicle recruitment at the points of contact (3, 4).
In addition to its known capability to effect strong
adhesion with cell membranes, PDL-induced neurite
responses are likely through some formof chemoselective
process via the primary amine moieties. We thus intro-
duced primary amines into the SS-BLMvia a phosphati-
dylethanolamine lipid (PE lipid). Little effect was noted
when a ternary lipid mixture (DOPC/DOTAP/(1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine (DPPE);
50:25:25) was used in neuronal culture (data not
shown) in place of the 75:25 DOPC/DOTAP SS-BLM
(Figure 2d). However, when the DPPE concentration
was increased to 50 mol % in the ternary lipid mixture
(DOPC/DOTAP/DPPE; 25:25:50; Figures 1d,f and 3)
the beads are effective in the recruitment of presynaptic
vesicles at the bead-axon contacts. Most of the beads in
the cell culture are positive for synaptophysin labeling
(Figure 3), indicating that accumulation of presynaptic
vesicles has occurred at the point of contact between the
axons and the SS-BLM/beads.

In order to track the presence of other impor-
tant synaptic proteins at the bead-axon contacts, we
performed a triple staining of our SS-BLM/bead-
hippocampal neuron coculture. Figure 4 clearly shows
that actin filaments (13) (panels b and f), which are
important cytoskeletal components involved in many
synaptic processes including signal transduction and
synaptic vesicle trafficking, and bassoon (14) (panels d
and h), an important scaffolding protein present at
presynaptic active zones, are present at bead-axon

contacts in addition to synaptophysin (Figures 3 and
4c,g). This was observed only in the case of SS-BLM/
beads having a membrane composition of DOPC/
DOTAP/DPPE (25:25:50). Control experiments per-
formed using SS-BLM/beads having a membrane
composition of DOPC/DOTAP (75:25) were negative
for all three of these synaptic proteins (Figure SI.3,
Supporting Information) when cocultured with hip-
pocampal neurons. Immunostaining of PSD-95, a
postsynaptic scaffolding protein, has been performed
to verify whether postsynaptic factors were present
(Figure SI.4, Supporting Information). The result
implies, as in our prior work (3), that exclusive for-
mation of postsynaptic terminals at the bead-axon
contacts is absent. These observations are in good
agreement with our earlier report that PDL-coated
latex beads could trigger the formation of func-
tional presynaptic endings at the bead-axon contacts
(3). The presence of DPPE is clearly playing a role
in the promotion of actin cytoskeletal networking
at the bead-axon junctions and possibly in the sub-
sequent recruitment of other synaptic proteins such as
synaptophysin and bassoon. This is intriguing and is
the subject of our ongoing study in the further under-
standing of the chemical/mechanical interplay of sy-
naptic membranes at in vitro synaptic junctions.

The observation of presynaptic vesicle clustering at
the bead site is very promising especially given the
ongoing attempts to designmore suitable and patterned
substrates for in vitro neuroengineering applications.
To this end, a better understanding of the underlying
molecular mechanisms of synapse formation (14) is
crucial, especially because recent observations suggest
that even in the absence of postsynaptic factors, func-
tional presynapses can be formed onto tailored sub-
strates (3). SS-BLMs are clearly a viable substrate due

Scheme 1. Scheme (Not to Scale) Illustrating the General Experimental Protocol Used in This Work To Observe
the “Synaptic Boutons” Formed on SS-BLM/Beadsa

aFluorescently labeled secondary antibodies that bind specifically to synaptophysin primary antibodies via an immunostaining protocol were used
primarily to follow the formation of the “synaptic boutons”. This particular sketch depicts a “positive staining” for synaptophysin (seen in synaptic
vesicle membranes). In the case of “negative staining”, the experimental steps remain the same except that synaptic vesicle (small red circles)
accumulation will be absent, and thus no fluorescence will be observed around the beads.
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to their structural similarity to cellmembranes as well as
numerous possibilities of membrane modification.

Lipid microdomains (rafts) (15a) in the cell plasma
membrane are believed to play an important role in
controlling many cellular events including cell signaling
(15) and the guidance of neuronal growth cones (16).
The DOPC/DOTAP/DPPE (25:25:50) SS-BLM/beads
formed here are likely to exhibit lipid domain formation
(5, 17) given that the Tm of DOPC is -20 �C, whereas
the Tm of DPPE is 63 �C. At the experimental tempera-
ture of 37 �C, lipid phase separation is thus likely to occur
(17a). In order to observe whether a PE lipid whose Tm is
closer to thematrixDOPCwould produce similar results,
we used 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE) (Tm=-16 �C) in control experiments. It suggests
that the effect exerted byDOPEonhippocampal neurons
is verydifferent from that exertedbyDPPE.WhenDOPE
is used, very few synaptic boutons (as evidenced by less
clustering, Figure SI.5, Supporting Information) are ob-
served. This demonstrates that in addition to the chemical
specificity, lipidphasedomainsmayplayavery important
role in the observed in vitro synapse formation. Further
studies employing imaging techniques (17) that involve
lipid domain-specific fluorescent markers are however
necessary to establish whether lipid domains are present
in the SS-BLM/beads and whether the presynaptic bou-
tons colocalize with a specific lipid phase. Experiments in
this regard are currently underway in our laboratory.

Important control experiments also confirm that (i) the
possibility thatmembrane fusion eventsmayplay a role in
the observed in vitro presynapse formation can be ex-
cluded (Figure SI.6, Supporting Information) and (ii) the
bilayer membranes on SS-BLM/beads are stable after 24
h of bead-neuron coculture (Figure SI.7, Supporting
Information) (18).

We thus suggest that the following mechanism plays
a major role in the observed presynaptic assembly
(Scheme 2). The presence of DPPE-enriched lipid do-
mains on the SS-BLM/bead surface, together with the
chemical specificity (through-NH2 groups), signals the
axons that are already in contact with SS-BLM/beads

Figure 3. Representative confocal fluorescence (b, d) and the
corresponding DIC (a, c) images of hippocampal neurons cocultured
with SS-BLM/beads: (a-d) DIV18 cells after 24 h incubation with
DOPC/DOTAP/DPPE (25:25:50) SS-BLM/beads are shown. Lower
images (c, d) show a single bead in culture, and the white circle in
image d shows the exact location of the bead in culture for better
visualization. Image d in fact shows the extent of accumulation of
presynapses occurring at the bead-axon contacts in comparison to
those that occur in culture. The fluorescent boutons (on the glass
substrate and on silica beads) are presynaptic vesicles expressing
synaptophysin (b, d). The cells were fixed and incubated with
antisynaptophysin primary antibodies (rabbit polyclonal), which were
subsequently stainedusingAlexa-488 (b) andAlexa-543 (d) tagged anti-
rabbit secondary antibodies. Scale bars are 25 μm (a, b) and 5 μm (c, d).

Figure 2. Representative diffusion interference contrast (DIC) (a-c,e)
and corresponding confocal fluorescence (d,f) images of hippocampal
neurons cocultured with SS-BLM/beads: (a) DIV16 cells after 24 h
incubation with DOPC SS-BLM/beads; (b) DIV18 cells after 24 h
incubation with DOPC/DOTAP (75:25) SS-BLM/beads;compared
with image a, image b shows clear adhesion of beads to the neurites in
culture; (c,d) DIV14 cells after 24 h incubation with DOPC/DOTAP
(75:25) SS-BLM/beads. As is evidenced from the image, there is no
presynaptic response at the bead-axon contact sites. The fluorescent
boutons seen along the axons (d) are presynaptic vesicles accumulated
at synaptic junctions formed between the axons and PDL used for cell
adhesionon the glass substrate. Images e and f showmagnified views of
areas marked in images c and d. The white circle in image f shows the
exact location of the beads in culture for better visualization. Neurons
immunostained after incubation with DOPC SS-BLMs yielded similar
results. The cells were fixed and incubated with antisynaptophysin
primary antibodies (rabbit polyclonal), which were subsequently
stained using Alexa-543 tagged antirabbit secondary antibodies. Scale
bars are 25 μm (a-d) and 10 μm (e, f).
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(due to thepresence of positively chargedDOTAP in the
membrane) to trigger presynaptic vesicle accumulation
at the bead-axon contacts. Control experiments (when
no domain formation was possible; DOPE case) sup-
port the possibility that such a mechanism is operative.

It has been shown previously that mechanical proper-

ties ofmembranes alongwith cytoskeletal rearrangements

play a vital role in the biochemical reactions taking place
at intermembrane junctions like synapses (11). Cytoskel-
etal networks, which link the cell cytoplasm to the outer
plasma membrane leaflet, are responsible for stabilizing
cell signaling events in neurons (13). The role of the actin
filaments at the presynaptic site (19), especially at the
early stages of synapse formation (3), has already been

Figure 4. Representative confocal cross-sectional images (b-d and f-h) showing the presence of different synaptic proteins at the bead-axon
contact points in a single culture. This experiment was performed using SS-BLM/beads containing of DOPC/DOTAP/DPPE, 25:25:50 (as per
Figure 3), in the bilayer when cocultured with hippocampal neurons (DIV 14). The fluorescence clustering (boutons) is seen along the neurites
along with an enhanced clustering on the beads that are in contact with the axons. The cells are fixed and incubated with (b) phalloidin-
Alexa-488 (green channel) for actin filaments, (c) antisynaptophysin/R-rabbit-Alexa-543 (red channel) for synaptophysin, and (d) antibassoon/
R-mouse-Cy-5 (blue channel) for bassoon. TheDIC channel (a) shows the exact locations of SS-BLM/beads in the culture. Lower panels (e-f)
show a single bead in culture. The images herewere acquired at a slightly higher plane comparedwith the other figures for better visualization of
fluorescence around the beads. Scale bars are 25 μm (a-d) and 5 μm (e-h).
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documented (Figure 4b confirms the presence of actin
filaments at the SS-BLM-induced presynaptic site). The
work of Liu et al. using model lipid membranes convin-
cingly shows that an actin network can in fact induce
formation of membrane domains or can stabilize the
existing lipid domains (20). Lipid microdomains are also
known to be present in the dendrites of hippocampal
neurons in high abundances and are shown to be asso-
ciated with several postsynaptic proteins (21). Given the
fact that our SS-BLM offers coexisting lipid microdo-
mains, it may allow for synchronization of all the above-
mentioned crucial cellular processes (14, 21). It is possible
that axons could find their targets on the SS-BLM/beads
due to their mechanical similarity to postsynaptic mem-
branes. Following this, formation of stable presynaptic
terminals could occur via signal transduction cascades
that lead to reorganization of actin filaments that are
responsible for the prestabilization during the “pathfind-
ing” stages of early synapse formation. It is important to
note that when the crucial individual lipid composition
was absent (Figure SI.3, Supporting Information), events
starting from the actin prestabilization (as in Figure 4b)
do not occur. This further supports our hypothesis that
the observed in vitro synapse formation is a result of
certain signaling cascades that occur only in the presence
of particular chemical and physical elements present on
the artificial substrate.

In summary, we have reported a method to rationally
design cationic SS-BLMs on silica beads for use as
substrates for in vitro presynaptic assembly that recruit
several important elements that are reported tobepresent
in a presynaptic active zone. Though the exact molecular
mechanism behind it is still not completely understood,

we believe that this work is the first step in addressing the
possible role of lipidmembrane domains at synaptic sites
in a purely in vitro configuration. The deliberate inclu-
sion of individual lipids with known functionalities in
the bilayer thus creates an artificial substrate that
shows potential to be used in mechanistic studies as well
as to study synaptogenesis (22) in vivo. The possibility of
extending our SS-BLM approach to other geometries
such as silica fibers may help to improve the ongoing
attempts to create suitable surface matrices that mimic
axon surfaces for their eventual artificial myelination.
Moreover, combining neurologically relevantmembrane
proteins (1a), CNS specific receptors, or both onto
SS-BLMscaffolds (9,11),whicharemoreprecisely tuned
for their mechanical properties, would be a step toward
functional induced synapse formation (23). Taken to-
gether, the biocompatibility and membrane tunability
make these SS-BLM/beads a promising candidate for
neuroengineering applications.

Methods

Lipids Used
The following lipids were from Avanti Polar Lipids: 1,2-dio-

leoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1,2-dioleoyl-
3-trimethylammonium propane (chloride salt) (DOTAP),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-disteroyl-sn-glycero-3-phosphatidylethanolamine-N-[bio-
tinyl(poly(ethylene glycol)2000)] (ammonium salt) (DSPE-
PEG2000-biotin), and 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-[7-nitro-2-1,3-benzoxadiazol-4-yl] (ammo-
nium salt) (DOPE-NBD). N-(6-Tetramethylrhodaminethio-
carbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine, triethylammoniumsalt (TRITC-DHPE)waspurchased
from Invitrogen (USA).

Preparation of SS-BLM/Beads
Silica beads (Bangs Laboratories) were diluted to 1:100 in

PBS, washed twice in PBS by centrifugation, and then resus-
pended and incubated in 1mL of PBS containing 0.05mg/mL
avidin overnight at 4 �C. The avidin-treated beads were then
washed several times and resuspended in a final volume of
500 μL of PBS prior to incubation with the lipids.

Chloroform solutions ofDOPC (1.5mM, 75 μL), DOTAP
(1.5 mM, 25 μL), and DSPE-PEG2000-biotin (0.6 mM,
5 μL) were mixed and dried in vacuum for 4 h under sterile
conditions. The film was then hydrated using sterile PBS
through rapid mixing followed by sonication in a bath
sonicator for 3 min, which results in the formation of small
unilamellar vesicles (SUVs).

The vesicle solution (500 μL) was then mixed with 500 μL
of the avidin-coated silica beads dispersed in sterile PBS and
incubated for 10 min with gentle shaking. The bead-vesicle
solution was then mixed vigorously and sonicated for 1 min
followed by centrifugation (12 000 rpm for 12 min), and the
resulting pellet was then resuspended in PBS. The bilayer-
coated beads were used within 1 week of preparation and
added to cultures as described below.

Scheme 2. Scheme (Not to Scale) Suggesting a Possi-
bleMechanism of SS-BLM/Bead-Induced Presynaptic
Assemblya

a SS-BLM/beads first adher to axons via electrostatic attraction pro-
videdby the cationic lipidDOTAP (green head groups) distributed in the
zwitterionic DOPC (blue head groups) matrix. The presence of DPPE
(purple head groups) via chemical (through -NH2) and physical (lipid
phase domains) interactions signals axons to form synapses in some
fashion.
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Primary Cultures of Rat Hippocampal Neurons
Cultures of dissociated rat hippocampal neurons were

prepared using a modification of a protocol described by
Banker (25). Hippocampi were dissected from E17/18 em-
bryos, treated with 0.25% trypsin at 37 �C followed by
Dulbecco’s modified Eagle medium (DMEM)-10% horse
serum, and mechanically dissociated with a plastic Pasteur
pipet. The dissociated neurons were plated at a density of
(2.0-2.5) � 104 cm-1 on, unless otherwise stated, poly-D-
lysine (Sigma) coated glass coverslips in serum-free neuro-
basal medium supplemented with L-glutamine andB-27.One-
third of the medium was replaced every 2-3 days. All culture
media were purchased from Gibco (Invitrogen).

Coculture with Silica Beads
Neurons were cultured to various stages of development

(between 7 and 21DIV) before the addition of beads. The lipid
bilayer coated beads were suspended in sterile PBS, pH 7.4,
and added dropwise to the neurons at a concentration of (1.0-
1.5)�105 beads/coverslip. The bead/cell coculture was incu-
bated for 24 h in a humidified 5% CO2 atmosphere at 37 �C.
Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in phosphate
buffer (PB), pH7.4, for 25min, incubated in blocking solution
(Tris-buffered saline (TBS), pH 7.4, containing 4% normal
donkey serum (NDS) and 0.1%Triton-X100) for 30min, and
then in primary antibodies diluted in TBS containing 0.1%
Triton-X100 and 0.5% normal donkey serum (NDS), over-
night at 4 �C with gentle shaking. Cells were washed in TBS,
incubated in Alexa-488/Alexa-543/Cy-5 (as appropriately)
coupled secondary antibodies (in TBS-0.5%, NDS), washed
3� in TBS, and mounted on glass slides. Primary antibodies
used were rabbit polyclonal anti-synaptophysin (Invitrogen,
predilute; 1:10), mouse monoclonal anti-bassoon (Assay De-
signs, Ann Arbor,MI), and all secondary antibodies (species-
specific, highly cross-adsorbed IgG) were purchased from
Invitrogen and used at a dilution of 1:200. For actin labeling,
Alexa 488-phalloidin (Molecular Probes) was used (1:50) in
the secondary antibody dilution buffer. The stained samples
(on glass coverslips) were mounted using GelTol on micro-
scopic slides and sealed.

Confocal Microscopy
All the fluorescence images were obtained using a Zeiss

LSM 510 META confocal microscope (Carl Zeiss AG,
Germany) with λex 488 nm/λem LP>505 nm or BP 505-
550 IR, λex 543 nm/λem LP>565 nm, and λex 633 nm/λem
LP > 685 nm optical combinations appropriately for
neuron/bead cultures and lipid bilayers in different experi-
ments. The images were obtained with a 63� oil immersion
objective on an inverted microscope along with the corre-
sponding brightfield (diffusion interference contrast or DIC)
image.

Cryo-TEM
Fivemicroliters of a solution of silica beads (both uncoated

and lipid coated) was added to copper Quantifoil R2/2 grids
(Electron Microscopy Sciences, Hatfield, PA). Samples were
blotted and frozen hydrated by plunging into a bath of liquid
ethane slush (26). They were stored under liquid nitrogen
temperature (-78 �C) until transfer to a 626 single tilt cryo-
transfer system (Gatan Inc.) and observed with a FEI G2 F20

cryo-STEM microscope operated at 200 kV (FEI, Inc.).
Images were recorded under low-dose conditions on a Gatan
Ultrascan 4k�4k digital (CCD) camera system camera at a
nominal magnification of 80� at a defocus level of 2 μm.
Images of silica beads uncoated and coated with lipids were
taken for direct comparisonunder the exact same conditions of
magnification and defocus.
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